The emergence of agricultural land use change creates a number of challenges that insect pollinators, such as 24 eusocial bees, must overcome. Resultant fragmentation and loss of suitable foraging habitats, combined with 25 pesticide exposure, may increase demands on foraging, specifically the ability to reach resources under such 26 stress. Understanding the effect that pesticides have on flight performance is therefore vital if we are to assess 27 colony success in these changing landscapes. Neonicotinoids are one of the most widely used classes of pesticide 28 across the globe, and exposure to bees has been associated with reduced foraging efficiency and homing ability.
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29
One explanation for these effects could be that elements of flight are being affected, but apart from a couple of 30 studies on the honeybee, this has scarcely been tested. Here we used flight mills to investigate how exposure to 31 a field realistic (10ppb) acute dose of imidacloprid affected flight performance of a wild insect pollinator -the 32 bumblebee, Bombus terrestris audax. Intriguingly, intial observations showed exposed workers flew at a 33 significantly higher velocity over the first ¾ km of flight. This apparent hyperactivity, however, may have a cost 34 as exposed workers showed reduced flight distance and duration to around a third of what control workers were 35 capable of achieving. Given that bumblebees are central place foragers, impairment to flight endurance could
Introduction
40
The extent to which insects move across landscapes has significant implications for human welfare.
41
Highly mobile species can potentially lead to detrimental insect pest outbreaks (Mazzi and Dorn, 2012 
84
We investigated the effect of acute oral neonicotinoid exposure on different aspects of bumblebee 85 (Bombus terrestris audax) flight performance using a controlled tethered flight mill setup. For this study we 86 exposed individual workers to the neonicotinoid imidacloprid at a concentration of 10ppb as it is: i) a widely 87 used insecticide across the globe with a growing market in many regions (Casida, 2018 . Our pilot study also indicated that workers took a mean (±s.e.m) 158 duration of 50 ± 13 seconds to commence feeding (defined as prolonged proboscis extension on to the cotton 159 wool) and fed for a mean (±s.e.m) duration of 213 ± 24 seconds before stopping, with subsequent feeds being 160 rare, sporadic, and short (<10 seconds). Workers could access the provisioned sucrose-soaked cotton wool for 161 10 minutes, after which the cotton wool was removed and original bung replaced, followed by a 5-minute resting 162 period inside the tube. Whilst this protocol meant that we could not determine the precise dosage of 163 imidacloprid consumed by each worker, it did allow workers to feed to satiation which is a state likely to occur 164 in the field during foraging bouts, and importantly allows consumption volume to vary proportionately to 165 individual worker size (Free and Butler, 1959; Goulson et al., 2002) 166
The workers that fed were then removed carefully using tweezers and tethered to the flight mill. The 167 5.9% of workers that did not feed were immediately frozen (-20 o C) and weighed along with all other bees after 168 all flight tests had been completed. All of this was carried out under red light conditions, but once workers were 169 tethered to the mills the room was switched to white light. Each mill had a separate height-adjustable stand 170 which was erected once the bee was tethered and used to hold the worker in place (Fig. 1D ). Prior to initiating 171 the flight test, workers were held in place for a period of 10 minutes for two primary reasons: i) pilot observations 172 demonstrated that some bees were initially irritated by attachment to the mill which discouraged flight, but that 173 a 10 min acclimatisation period allowed irritation to subside; ii) a balance was sought between giving workers 
188
Workers that successfully flew in the first attempt were monitored for any subsequent flight stoppages.
189
Each stop was noted down as 'a strike', and each worker was permitted five strikes before their flight test was 190 terminated. Immediately following a strike, the individual would be held in the stand to ensure tarsal contact 191 for a 20 second rest period before removal of the stand again. Therefore, in the subsequent data analysis, flight 192 stoppages were identified as circuits with a duration >20 seconds. After a strike, workers were only permitted 
222
The velocity calculations for each individual flight test were carried out on cleaned data in which the 223 following circuits were excluded from the analysis: i) first five circuits of the first flight attempt; ii) first five 224 circuits directly following a strike; iii) the circuit directly preceding a strike circuit. It was noted from pilot 225 observations and the main study that removal of the support stand or tapping of the legs would often stimulate 226 strikingly high velocities. It is likely this behaviour is a reaction to stimulatory stress, so we felt actions i) and ii) 227 were justified as a precautionary measure to ensure we only considered circuits representative of normal 
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We found no significant effect of treatment on the propensity to feed (n= 9 control & 4 pesticide workers 264 did not feed; GLM: z=1.29, p=0.20). In concordance with our pilot observations, we found that any feeds 265 following the first were sporadic and short, suggesting workers fed to relative satiety on their first feed.
266
Therefore, we used the length of first feeding time as a reliable proxy for total feeding time. Of the 209 workers 267 that fed, the mean (±s.e.m) time spent feeding was 138 ± 9.0 seconds (n=102) and 127.2 ± 7.8 seconds (n=107) 268 for control and pesticide workers respectively, with no significant difference between treatments (LMM: t=-0.77, 269 p=0.44; Fig S2) . For the flight mill testing, however, we decided to include only those workers that fed for >60 270 seconds (control = 86, pesticide = 94, total = 180; Table 1), because: i) visualisation of the plotted feeding times 271 suggested initial feeds <60 seconds were relative outliers ( Fig S2) ; and ii) we wanted to increase the likelihood 272 that each worker had fed to satiation. We found that whilst body size was not a significant predictor of feeding 273 time (LMM: t=1.37, p=0.172), the propensity to feed increased with increasing body size (GLM: z=2.643, 274 p=0.008).
276
Flight behaviour
277
The flight data from 140 of the 180 bees tested on the flight mill were analysed (Table 1) Table S1 ). Body size 296 was found to be a significant predictor of propensity to fly, with the likelihood of flying increasing with ITS (GLM: 297 z=2.163, p=0.031; Table S1 ). This translated to an estimated probability of control workers initiating flight of 298 0.49, 0.77 and 0.92 for workers with a 4mm, 5mm, and 6mm ITS respectively, with a similar pattern observed 299 for pesticide workers (Fig. 3) . Pesticide compared to control workers demonstrated a significantly higher 300 termination of the flight test within the 100m threshold at a proportion of 0.43 (n=24 of 56) vs 0.26 (n=12 of 47; 301 GLM: z=-2.115, p=0.035; Table S1 ) respectively. For instance, a control worker with 5mm ITS had an estimated 302 proportion of 0.81 chance of flying >100m, compared to just 0.62 for a pesticide worker of the same ITS. We 303 further found that larger ITS significantly increased the probability of flying >100m (GLM: z=2.318, p=0.020), 304 with no clear significant difference in this relationship between treatments (GLM: treatment*ITS: z=1.86, p=0.06) 305 306
iii) Flight endurance & velocity
Inspection of the 67 bees that flew >100m showed an uneven ITS distribution between treatments, 308 with a significant bias of larger pesticide workers (mean ITS of 4.83 ± 0.05 mm vs 4.99 ± 0.04 mm for control vs 309 pesticide workers respectively; LM: t=2.382, p=0.020). We therefore took a conservative approach and ran two 310 separate analyses on: i) the full dataset including all 67 bees (control = 35, pesticide = 32); and ii) a subset of the 311 data (control = 26, pesticide = 27) in which we attempted to normalise the worker ITS distribution by removing 312 the smallest 10% (n = 6 control & 1 pesticide) and largest 10% (n = 3 control & 4 pesticide) of workers; resulting 313 in no significant difference in worker ITS between treatments (4.86 ± 0.03 mm vs 4.94 ± 0.03 mm for control vs 314 pesticide workers respectively; LM: t=1.77, p=0.08; Table 1 ). Normalising the dataset allowed us to better meet 315 the assumptions of our implemented linear models, therefore here we present the analysis using the data 316 subset, and provide the results using the full dataset in the supplementary material ( Fig. S3 & Table S2 ), which 317 showed the same directional pattern on flight performance between treatments.
318
Pesticide workers flew a significantly lower mean (±s.e.m) total distance at just 659.1 ± 78.7 m 319 compared to 1,833.9 ± 207.6 m for control (LMM: t=-5.618, p<0.001; Fig. 4A , Table S2 ). The effect of pesticide 320 exposure on distance flown was mirrored in the effect on duration flown, with a mean (±s.e.m) flight duration 321 of just 822.0 ± 90.8 seconds for pesticide exposed workers being considerably shorter than 2,852.2 ± 234.4 322 seconds for control workers (Fig. 4B , Table S2 ). Visualisation of the durations flown across all workers (Fig. 4B) 323 showed a striking difference between treatments, with a proportion of just 0.04 of pesticide workers flying 324 >2000 seconds, whilst 0.81 of control workers surpassed this duration (GLMM: z=-4.016, p<0.001, Table S2 ).
325
Furthermore, a proportion of 0.65 of control workers flew for the full 60 minutes permitted, whereas critically 326 not one pesticide exposed worker achieved this.
327
Interestingly, the effect of worker body size on distance flown appeared to differ between pesticide and 328 control groups, as indicated by a significant treatment*ITS interaction (LMM: t=-2.242, p=0.029; Fig. 4A , Table   329 S2). Separate analysis of each treatment group showed that whilst increasing ITS resulted in significantly higher 330 total distances for control workers (LMM: t=2.158, p=0.041), this relationship was not found for pesticide 331 exposed workers (LMM: t=-1.03, p=0.31; Fig. 4A ). The effect of ITS on total duration flown showed the same 332 general trend as that found for distance ( Fig. 4B, Table S2 ), however, the difference in effect between treatments 333 was less strong (GLMM: z=-1.720, p=0.085). Separate analyses for each treatment group found no significant 334 relationship between ITS and the proportion of bees flying >2000 seconds for both treatments (GLMM: control: 335 t=1.50, p=0.13; pesticide: t=-1.13, p=0.26).
336
When considering the velocity of individuals across the total flight period, we found pesticide exposed 337 workers attained a significantly higher mean (± s.e.m) velocity of 0.84 ± 0.05 m/s per worker compared to 0.63 338 ± 0.04 m/s for controls (LMM: t=2.954, p=0.005; Fig. 4C , Table S2 ). Looking at maximum velocity, whilst we found 339 no significant difference between treatments (LMM: t=1.58, p=0.12; Fig. 4D , Table S2 ), it was intriguing that 340 pesticide exposed workers were again faster on average (mean ± s.e.m = 1.52 ± 0.06 m/s vs. 1.34 ± 0.09 m/s).
341
This consistent pattern motivated us to examine where these differences in velocity may stem from during flight.
342
Visualisation of velocity over time suggested that pesticide workers maintained a higher velocity compared to 343 controls during the initial phase (the earlier circuits) of the flight test (see Fig. 5 ). It also showed a sharp decline in velocity around 900 circuits (760m) as a large proportion of pesticide workers terminated flight. Therefore, 345 focusing on the first 900 circuits, we reveal that pesticide workers did fly significantly faster compared to control 346 workers (LMM: t=3.459, p=0.001; Table S3 ), with this difference between treatments maintained over these 347 circuits (treatment*circuit interaction: t=1.862, p=0.07). Neither mean or maximum velocity was significantly 348 predicted by worker ITS (LMM: t=1.60, p=0.12 & t=1.00, p=0.32 respectively; Fig. 4C,D, Table S2 ), and there 349 appeared to be no effect of ITS on velocity over the first 900 circuits (LMM: t=0.50, p=0.62, Table S3 ). 
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Whilst initially both control and pesticide exposed workers were equally motivated to fly initially, pesticide 358 exposed workers showed a higher probability of terminating flight before the end of the 60-minute flight test, 359 which was even evident within the first 100m. Intriguingly, pesticide workers exhibited a higher mean velocity 360 compared to control workers, which was underpinned by faster flight speeds over the course of the first ¾ km, 361 both during and after which we observed a considerable proportion of pesticide workers terminating their flight.
362
Furthermore, our results suggest that pesticide exposure may negate the capability of larger workers to fly 363 longer distances than their smaller sister workers.
364
The degree of impact that an acute neonicotinoid exposure had on reducing bumblebee worker flight 365 endurance observed in our study did come as a surprise, as a previous honeybee study showed acute exposure 366 to thiamethoxam increased flight endurance. One possible explanation for these contrasting results is the 367 structural differences between thiamethoxam and imidacloprid compounds, which bind to different sites on 
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Our flight tests suggest that imidacloprid exposed bumblebee workers experienced a rapid de-382 motivation to fly as the test progressed and/or tired quickly leading to premature physical exhaustion. Our study 383 was not designed specifically to test these two non-mutually exclusive explanations, however given that only 4% 384 of pesticide exposed workers flew >2000 seconds (control = 81%) and that not one individual completed the 60-385 minute test (control = 65%), our findings suggest that physical ability may have been affected, which could then 386 have subsequently led to demotivation. We found no difference in initial motivation to fly and in fact pesticide 387 exposed workers flew faster than control workers, inferring that immediate motor function was not impaired 
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Bumblebee colony level exposure to imidacloprid has also been shown to lead to a higher number of workers 406 going out to forage (Gill et al., 2012), a pattern that could be an adaptive response to filling a foraging deficit, 407 but could also be down to possible maladaptive hyperactive behaviour. Additionally, our study suggests a 408 potential cost to hyperactivity, as exposed workers terminated flight prematurely which may have been due to 409 increased energy expenditure during the initial phase leading to faster muscle fatigue and energy depletion, but study found no clear relationship with flight velocity and body size, we did find that both the propensity to fly 420 and total flight distance were positively related in control workers, which might provide a mechanistic 421 explanation as to why foragers tend to be the larger colony workers. Critically, however, we found no such 422 significant relationships in pesticide exposed workers, suggesting that the negative effect of neonicotinoid 423 exposure on flight actually increased in magnitude as workers increased in body size. Intriguingly, a previous 424 study showed that neonicotinoid induced impairment to spatial learning behaviour in bumblebees appeared to 425 be exhibited more highly in the largest colony workers (Samuelson et al., 2016) . Together these findings raise 426 the question as to whether larger bumblebees are more susceptible to pesticide effects. With pesticide exposure 427 seemingly counteracting the increased flight performance with body size, the production of larger bees could 428 be seen as wasted energetic investment for the colony. Further investigation is required to look at this, however, 429 as whilst the interactive effect of pesticide and body size was detected in the subset of workers analysed, this 430 effect seemed to be lost when considering the full dataset; a discrepancy that may stem from biases in worker 431 size between treatments as a consequence of the flight trial filtering process.
432
Bumblebee foraging ranges are difficult to accurately measure, and further knowledge of this important 433 behaviour is critical for predicting colony success and pollination services in changing landscapes. Our flight mill 434 setup showed control workers to fly a mean total distance of 1.8km, which appears to sensibly conform to other 435 estimates of bumblebee foraging ranges. Estimated foraging ranges using different techniques including foraging ranges would therefore span from around 0.68km to 4.4km. Given that our measures fall in the middle 441 of these estimates, we are confident that our flight mill test setup can provide us with meaningful insights into 442 the effects of stress on flight capabilities that can occur in the field. With imidacloprid exposure reducing total 443 flight distance by nearly 1.2km on average, this corresponds to a 64% reduction in comparison to the control, 444 which would lead to a notable 87% decline in the total foraging area accessible to a colony (using the colony as 445 the epicentre). Pesticide exposure will therefore place increased stress on bumblebee colonies, with foragers 446 potentially being unable to reach resources they previously could, or unable to return to the nest following 447 exposure feeding on contaminated flowers. Not only would this reduce the abundance, diversity, and nutritional 448 quality of food available to a colony, but could also reduce the pollination service the colony is able to provide 
